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Introduction
Arginine is a precursor for the synthesis of protein, nitric oxide (NO), creatine, agmatine, and polyamines, and is an intermediate in the detoxification of ammonia via the ornithine cycle. Judged by nitrogen balance, arginine is not an essential amino acid. In adults, it is produced in the kidney (1, 2) from circulating citrulline (3) synthesized by enterocytes in the small intestine (4) . In adult humans, the endogenous biosynthetic capacity for arginine, amounting to approximately 20% of daily expenditure, is relatively small compared with its daily requirement (5) . Hence, a dietary supply may become indispensable under conditions of increased demand such as growth (5) and tissue repair (6) , or decreased dietary supply (7) . For this reason, arginine is now considered a conditionally essential amino acid.
Arginine has been reported to have an immunosupportive effect, especially under catabolic conditions (8) . In conjunction with this, arginine has been shown to accelerate wound healing (9) . On this basis, it is added to postoperative supplemental formulas at doses as high as 100 g per kg formula (10) . However, the molecular mechanism underlying the beneficial effect of arginine on lymphocyte biology has remained unclear.
Since it may be difficult to assess the role of arginine in immune defense mechanisms in individuals under various forms of catabolic stress, we decided to study the role of arginine in the postnatal development of the lymphoid system in a transgenic model that suffers from a selective arginine deficiency.
In rapidly growing suckling rodents, endogenous arginine biosynthesis compensates for the insufficient supply of arginine via the milk (11) . In this period, the intestine rather than the kidney plays a major role in arginine biosynthesis (12, 13) . The selective decrease in circulating arginine in neonatal patients who suffer from necrotizing enterocolitis suggests a similar role for the enterocytes in arginine metabolism in man (14) . On this basis, we developed a transgenic mouse model in which arginase I (A-I, EC 3.5.3.1) is overexpressed in the entero-cytes of the small intestine only by coupling the A-I gene to the intestinal fatty acid binding protein promoter/enhancer (15) . Hence, the enterocytes in these mice are no longer net producers of arginine and may even break down dietary and circulating arginine more avidly, so that circulating arginine levels decline to 30% of control levels. In the current study, we used this model to dissect the immunomodulatory effect of arginine.
Here, we demonstrate that arginine deficiency affects early B cell maturation in the bone marrow, but not T cell development in the thymus. In secondary lymphoid organs, like spleen and Peyer's patches (PPs), the number of B cells is decreased, though resident B cells proliferate normally upon in vitro stimulation. In addition, the plasma level of IgM is reduced in F/A-2 transgenic animals. These findings suggest a direct involvement of arginine in B cell maturation.
Methods

Transgenics.
A chimeric construct of the intestinal fatty acid binding protein promoter/enhancer element and the hepatic arginase minigene was used to generate transgenic mice on the FVB strain background (16) . The line with the highest expression level of arginase, designated F/A-2 (16), was used in the current investigation. Spf-ash (sparse-fur and abnormal skin and hair) mice and mice deficient in nitric oxide synthase-1 (NOS1), NOS2, and NOS3 had a C57/BL6 background and were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). Litters discovered in the morning were assigned neonatal day 0 (ND 0). Animal experiments were done in accordance with the guidelines of the local Animal Research Committee of the American Medical Center of the University of Amsterdam.
Tissue and blood sampling. Pups were separated from their mothers and kept at 37°C for 1 hour prior to sacrifice. Blood was collected after decapitation and centrifuged for 2 minutes at 4°C. Tissue samples were collected, flushed in ice-cold PBS, and rapidly frozen in liquid nitrogen. Serum and tissue samples were kept at -70°C until analysis.
Cell preparation and culture. Intraepithelial lymphocytes (IELs) and lamina-propria lymphocytes (LPLs) were isolated as described (17) . Briefly, the small intestine was removed, trimmed free of mesentery, flushed with icecold PBS to remove luminal content, cut into 1-cm fragments, and incubated for 30 minutes at 37°C in calcium-free medium containing 1 mM EDTA and 1 mM DTT. This was followed by a 30-minute incubation in RPMI culture medium supplemented with 20 U/ml DNase to remove enterocytes and IELs. For isolation of LPLs, PPs were also removed. From the remaining intestinal tissue, a cellular suspension was obtained with an automated mechanical tissue disintegration device (Medimachine System; DAKO Corp., Carpinteria, California, USA). For preparing spleen, thymus, and mesenteric lymph node cell suspensions, 40-µm filter cell strainers were used. Bone marrow cell suspensions were obtained by flushing femurs and tibias with DMEM.
Cells were suspended in DMEM containing 10% FBS and counted. Spleen and intestinal cell suspensions were centrifuged in sterile Ficoll-Hypaque (Pharmacia Biotech AB, Uppsala, Sweden). Mononuclear cells were transferred to cold PBS containing 0.5% BSA, 0.3 mM EDTA, and 0.01% sodium azide for flow cytometry, or to DMEM supplemented with 10% FBS for culture.
In vitro stimulation and proliferation. Triplicate cultures of splenic cells containing 10 5 B cells were started with LPS (E. coli EH100: 15 µg/ml culture medium, a gift from C. Galanos, Max Planck Institute for Immunobiology), goat F(ab′) 2 anti-mouse µ chain (20 µg/ml; Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA), anti-CD40 antibody (clone HM40-3; 4 µg/ml; PharMingen, San Diego, California, USA), or IL-4 (500 U/ml; PharMingen), either alone or in combination for the indicated times. [ 3 H]methylthymidine was added 6 hours before cells were harvested.
Flow cytometry. Monoclonal antibodies to mouse CD3ε, CD4, CD8, CD19, CD21, CD23, CD24 (clone M1/69), CD25, CD43 (clone S7), CD45 (clone 6B2), BP-1, integrin α IEL , and IgD were either from our collection or were purchased from PharMingen or Southern Biotechnology Associates (Birmingham, Alabama, USA). They were used unlabeled or biotin-labeled, followed by staining with appropriately labeled secondary antibodies or streptavidin, or were covalently labeled with an appropriate fluorochrome. Goat F(ab′)2 anti-mouse IgM and goat F(ab′)2 anti-rat IgG were from Caltag Laboratories Inc. (Burlingame, California, USA). Fluorochromes used were FITC, phycoerythrin (PE), Cy-5, and a tandem dye of Cy-5 and PE. Nonspecific binding of antibodies was blocked by incubation with 5% normal mouse serum. Cells were analyzed by flow cytometry using a FACScan or FACSCalibur flow cytometer in conjunction with CellQuest software (Becton, Dickinson and Co., San Diego, California, USA).
Histology and immunohistochemistry. For analyses of spleen and PPs, tissues were quick-frozen, sectioned at 6 µm, and fixed in dehydrated acetone for 10 minutes at room temperature. Sections were incubated with the following rat anti-mouse monoclonal antibodies: anti-CD3ε (KT-3), anti-CD45R (B220), anti-MAdCAM-1 (MECA-367), and anti-sialoadhesin (SER-4) (18) . After washing in PBS, sections were incubated with the appropriate dilution of the peroxidase-conjugated second-step reagent (Jackson ImmunoResearch Laboratories Inc.) in 5% newborn calf serum and 5% normal mouse serum in PBS. Double labeling was performed as described (18) . Peroxidase activity was visualized with 3,3′-diaminobenzidine and 0.01% H 2 O 2 . Alkaline phosphatase activity was visualized with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate toluidine salt according to the manufacturer's instructions (Boehringer Mannheim GmbH, Mannheim, Germany).
RT-PCR. Bone marrow and thymus of ND 18 mice were used for mRNA isolation using Trizol (Life Technologies Inc., Gaithersburg, Maryland, USA). For RT-PCR the following primer sets were used (nt indicates nucleotides):
Results
Impaired development of PPs in arginine-deficient transgenic mice.
The gross phenotype of homozygous F/A-2 transgenic (F/A-2 +/+ ) mice has been described elsewhere (16) . In suckling mice, the transgenic intestinal arginase activity caused a decrease in circulating plasma arginine concentration to 80 µM, compared with approximately 250 µM in wild-type controls. A striking abnormality in the F/A-2 +/+ mice was the macroscopic absence of PP's, even though whole-mount immunohistochemical staining for VCAM-1 revealed that F/A-2 +/+ mice had developed a normal number of PP anlagen after the first postnatal week. The impaired development of PPs appeared to be critically dependent on arginine availability, as arginine injections restored the development of PPs to normal. T cell populations in central and peripheral lymphoid organs. T cells were isolated from thymus, spleen, cervical lymph nodes, mesenteric lymph nodes, and intestine. In the thymus, absolute cell numbers were lower in F/A-2 +/+ mice, but not if corrected for the lower body mass of these mice (16) . At ND 21, the fraction of CD3ε-positive cells and the cellular distribution of the CD4 and CD8 markers showed no major differences between wild-type and F/A-2 +/+ mice ( Figure 2 , upper panels), indicating that maturation and selection of thymocytes is not hampered by arginine deficiency. Also, analysis of the immature, CD4 -, CD8 -population with the CD25 and CD44 markers did not reveal an unbalanced development (data not shown).
In the spleen ( Figure 2 , middle panels) and lymph nodes ( Figure 2 , lower panels) of F/A-2 +/+ mice, CD4 + and CD8 + T cells were readily found at 3 weeks of age and had normal distribution. Both peripheral and mesenteric lymph nodes were normally present in F/A-2 +/+ mice. Similarly, the relative number of intestinal CD3 + , CD4 + , and CD8 + T cells did not differ significantly between trans- genic and wild-type mice ( Figure 3 , a-c). Also, the relative number of intestinal IELs expressing the gut-homing integrin α IEL was not affected (Figure 3d ).
Reduced number of B cells in the intestine of arginine-deficient mice. Due to their small size in the transgenic gut, the normally B cell-rich PPs were not excised but were included in the analysis of the intestinal LPL populations of both wild-type and F/A-2 +/+ mice. Figure 3 , e and f, shows an almost complete lack of lymphocytes expressing the pan-B cell marker CD19 and the MHC II antigen I-A in the small intestine of F/A-2 +/+ mice during the first four postnatal weeks. At ND 21, the small intestine of F/A-2 +/+ mice contained fivefold fewer CD19 + and I-A + B cells than did that of wild-type mice ( Table 1) . The B cells in the LPL fraction were all located in PPs, as CD19 + or I-A + cells could not be recovered after excision of PPs from wildtype small intestine prior to tissue disintegration (not shown). In order to establish whether the effect of arginine on PP development is the result of diminished production of the NO from arginine, we investigated mice carrying null mutations of any of the three isoforms of the NOS gene (20) (21) (22) . At three weeks of age, normal PP development was observed in NOS1-, NOS2-, and NOS3-deficient mice compared with their appropriate controls (16) . Furthermore, B cell numbers were not decreased in intestinal lymphocyte populations isolated from NOSdeficient mice (Table 1 ). In addition, ornithine transcarbamoylase-deficient Spf-ash mice, which suffer from a reduction in all free amino acid plasma levels, displayed normal PPs and intestinal B cell numbers (Table 1) .
Selective defects of B cell subpopulations in other peripheral lymphoid organs. Relative to wild-type mice, the fraction of B lymphocytes in lymph nodes was reduced approximately 40% in 3-and 4-week-old F/A-2 +/+ mice (from 9% to 5% at 3 weeks and from 13% to 8% at 4 weeks of age). The tenfold lower number of splenic cells in F/A-2 +/+ mice compared with controls (Table 2) Figure 6 shows serum Ig levels in wild-type and transgenic mice from birth through adulthood. Before weaning, IgG isotypes, but not IgM, are actively taken up by the intestinal epithelium from the mother's milk (24) . Since serum IgG concentrations in suckling transgenic mice were not different from those in controls, the intestinal uptake mechanism was not affected in the transgenics. In contrast, the IgM level was significantly lower (P < 0.01) in suckling transgenic mice, whereas IgA was not yet detectable. After weaning, IgG2a and IgG2b levels increased toward a similar adult level in both wild-type and F/A-2 +/+ mice. The concentration of IgM also increased, but remained significantly lower in transgenics than in wild-type mice (P < 0.05). The levels of IgA and IgG1 tended to increase at a slower pace in transgenic mice, but the differences were not significant.
B cell development in F/A +/+ mice is hampered at the pro-to pre-B cell transition.
The hypothesis that the output of B cells from the marrow was reduced in F/A-2 +/+ mice prompted us to examine early B cell development in more detail. The total number of cells recovered from bone marrow was reduced in 3-week-old transgenic mice (Table 2) , reflecting the reduced size of their bones. Relative to controls, the fraction of lymphoid cells in bone marrow of 3-and 4-week-old F/A-2 +/+ mice was reduced by one-third ( Figure 7 , top panels). The differentiation profile of the B lymphocyte fraction was analyzed using established markers to distinguish the pro-B cell, pre-B cell, and immature B cell stages (25) . Cells of the B lineage were identified with antibodies to B220. B220-positive, mIgM-negative cells were further characterized by assessing expression of the CD43 and CD24 membrane proteins ( Figure 7 , middle and lower panels). Figure 7 , middle panels, clearly shows that the pool of pre-and pro-B cells was reduced more than 50% in 3-week-old F/A-2 +/+ mice compared with controls. This reduction was mainly due to a severe reduction in the fraction of pre-B cells ( Figure 7 , lower panels): the ratio of pre-to pro-B cells had decreased from 3.9 in age-matched wild-type littermates to 0.7 in F/A-2 +/+ animals. At 4 weeks of age, these same ratios were 2.5 and 0.8, respectively (not shown). Figure 7 also shows that the prevalence of pre-B cells (mIgM-negative, B220-positive), and that of immature B cells (low levels of mIgM), type I transitional B cells (high levels of mIgM), and mature, recirculating B cells (lower levels of mIgM, mIgD-positive and high levels of B220) declined in a coordinate fashion, indicating that maturation beyond the pro-to-pre-B cell transition was not affected or was much less affected in the transgenic animals. To further delineate the location of the developmental block, the CD43 + , B220 + B cell population was analyzed for expression of the ectopeptidase BP-1 and the heat-stable antigen CD24. Figure 8 shows that the BP-1 + , CD24 + fraction, representing cells at the transition from the pro-to pre-B cell stage, was twice as large in 3-weekold F/A-2 +/+ mice as in wild-type and hemizygous controls (Figure 8 ), suggesting that B cell maturation in argininedeficient pups is hampered in the early pre-B cell stage.
The stromal cells in the bone marrow provide an essential microenvironment for B cell maturation. The chemokine stromal cell-derived factor-1 (SDF-1) is an essential factor for pro-B cell development, while IL-7 is particularly important at the transition from pro-to pre-B cell (26, 27) . As expected, mRNA levels for SDF-1α and SDF-1β and their receptor CXCR4 in 3-week-old F/A-2 +/+ bone marrow did not differ from levels in agematched wild-type controls ( Figure 9 ). However, the mRNA levels of IL-7 and the corresponding receptor (IL-7R α chain and γ c chain) were also not different between F/A-2 +/+ and control mice. Similarly, we found no differences with respect to these parameters in the thymus of F/A-2 +/+ mice and controls. To exclude that hampered B cell maturation was associated with and perhaps due to higher bone-marrow arginase levels in the transgenes, we tested ND 18 animals for the presence of arginase I in their bone marrow. Arginase was readily detectable by Western blot analysis in both wild-type and F/A-2 +/+ bone marrow homogenates. In fact, arginase expression appeared to be higher in wild-type mice than in F/A-2 +/+ mice (not shown). This finding rules out ectopic expression of the transgene as a cause for the observed phenotype.
Peripheral B cells of F/A-2 +/+ mice show normal proliferative responses.
To assess the functional capability of B cells, lymphocytes isolated from the spleen of 3-week-old wildtype and F/A-2 +/+ mice were stimulated with a goat F(ab′)2 anti-µ antibody or with the polyclonal B cell activator LPS. A comparable proliferative response was seen in cells from F/A-2 +/+ mice and controls after either 2 days or 3 days of stimulation ( Figure 10 ). Culture of B cells in the presence of anti-CD40 antibodies and IL-4 normally results in a strong proliferative response and isotype switching (28) . Figure 10 shows that the response to these challenges was also similar in F/A-2 +/+ and wild-type cells. appropriate responses both to T cell-independent (LPS, anti-µ) and T cell-dependent (anti-CD40/IL-4) stimuli.
Discussion
At present, limited information is available on how nutrients influence the development of lymphoid organs or immune function. Arginine was surmised to be beneficial for immune system responses (29) , but the reported effects are assorted, ranging from an increased production of polyamines (30) via effects on tumor growth (31, 32) and wound healing (9, 33) , to a direct effect on T cell proliferation and gene expression (34) (35) (36) . Here we show that an arginase-mediated selective arginine deficiency results in an impairment of pre-B cell maturation in the bone marrow. Hence, a reduced number of B cells leaves the bone marrow and enters the periphery, resulting in a pronounced reduction in the number of B cells in the spleen and lymph nodes, the virtual absence of visually identifiable PPs, and significantly reduced serum IgM levels. The size of the thymus is reduced in proportion to growth retardation (16) , and development of T cells in the thymus appears normal; both of these observations indicate that arginine deficiency does not materially affect T cell development. 
Figure 6
Serum Ig levels in wild-type and F/A-2 +/+ mice. Serum Ig levels in wildtype (squares) and F/A-2 +/+ (diamonds) mice increase with a similar time course after weaning, but IgM levels remain depressed to 30% of that of control in F/A-2 +/+ serum (P < 0.01). Furthermore, IgG1 levels do not increase after weaning in the F/A transgenics. For each measurement, serum of three mice was pooled. Values are mean ± SEM and are based on triplicates in two independent analyses. even though they suffer not only from an arginine deficiency that is comparable to that of F/A-1 +/+ and F/A-2 +/-animals, but also from hyperammonemia and reduced levels of nearly all other amino acids (38, 39) . For these reasons, we believe that the F/A-2 +/+ phenotype results from the selective arginine deficiency that develops upon effectively blocking intestinal arginine biosynthesis. The syndrome begins to mitigate after weaning, that is, when intestinal synthesis of arginine ceases (40) and body growth resumes (16) .
How can we explain the phenotype? Strikingly, only precursor B lymphocytes appear to be affected. Later steps in development, i.e., immature, transitional, and mature B cells in the bone marrow and the spleen were all reduced in number, but were not disproportional. This suggests an unaltered capacity of pre-B cells to develop once they escape the early maturation block. In agreement with this, B cells isolated from peripheral lymphoid organs were able to mount a normal proliferative response upon B cell-specific stimulation. The observed lack of PP development can be a result of to B cell deficiency (41, 42) . We found no gross defect in T cell maturation in the thymus or aberrant T cell populations in peripheral lymphoid organs. Moreover, T cell-deficient mice develop normal PPs (43, 44) . It therefore does not seem far-fetched to assume that the effect of arginine deficiency on B cell development is restricted to the bone marrow compartment and that defective proliferation of precursor B lymphocytes forms the basis of the phenotype.
B cells develop in the marrow from hemopoietic precursor cells and can be divided into several differentiation stages that are characterized by surface phenotype (25, 45) . However, mice with deletions of transcriptional activators often display a broader phenotype than that seen in our transgenic mice. The finding that mRNA levels of IL-7 and its receptor chains were undisturbed in F/A-2 +/+ primary lymphatic tissue suggests that the IL-7-dependent pathway is intact. In addition, IL-7 deficiency (49, 50) or deletions of components of IL-7R (47, 49, 51) cause a strong reduction in the cellularity of the thymus, with disturbances in the early precursor populations (50) . Furthermore, a severe deficiency of thymic and peripheral γδ T cells is present (52) . F/A-2 +/+ mice, however, developed normal T cell populations in primary and peripheral lymphoid organs. Similarly, mRNA levels of SDF-1 and its receptor CXCR4, a signal transduction pathway that stimulates pro-B cell development, possibly in concert with the IL7/IL7R pathway (53), were undisturbed.
Because we assume that an arginine-dependent metabolic or signal-transduction mechanism is responsible for the hampered transition of pro-to pre-B cells, we do not expect a fully penetrant phenotype. Therefore, factors that are known to cause a complete block if fully inactive can be candidate targets as well. Since the few pre-B cells that escape the block develop normally, and since peripheral B cells can be readily induced to proliferate or differentiate by a variety of stimulants mimicking T cell-dependent and -independent activation, a B cell autologous defect (i.e., a defect in the signaling pathway originating from the premature and mature BCR) is unlikely. Even though the current study demonstrated an unambiguous effect of arginine deficiency on early B cell development, we have yet to define the molecular and cellular mechanism through which arginine modulates lymphocyte biology and exerts its beneficial effect on mucosal defense. However, it is known that murine lymphocytes have a very limited capacity to synthesize arginine and depend on exogenous arginine for proliferation and antibody production (35, 54, 55) . Most likely, therefore, a signal-transduction molecule derived from arginine (such as NO or agmatine) or a metabolic process that becomes disturbed by altered arginine levels (37) is involved. The
Figure 9
Messenger RNA transcript levels of IL-7, IL-7R α chain (IL-7αR), IL-7R γ chain (IL-7γR), SDF-1α, SDF-1β, and CXCR4 in 3-week-old wild-type and F/A-2 +/+ bone marrow (BM) or thymus. Cyclophilin was used as an internal control. mRNA levels are expressed as a percentage of the levels measured in wild-type bone marrow in both panels. Values are mean ± SEM of six independent analyses for each genotype. present findings should allow us to identify the site of action of arginine and to assess the prospects of arginine to become a bona fide immunonutrient.
